I. INTRODUCTION
H ETEROJUNCTION bipolar transistors (HBTs) have attained maturity as power devices in wireless communication area due to their intrinsic high power density, linearity, and efficiency. The requirements for modern power amplifiers (PAs) are becoming more challenging as more complex modulation scheme is employed in the transmitter architecture to allow more bandwidth, hence the higher data rate. As an example, it is required to have a highly efficient PA to maximize the functionality time and at the same time, a highly linear PA to minimize the inter-channel interferences. These are often hard to be met simultaneously within the given system specification since they are tradeoffs of each other. Highly efficient PAs utilizing the instantaneous strength of the input envelope signal are now receiving wide attention as a potential for next-generation PA. The output bias voltage is usually reduced as the output power is lowered using either dc-dc converter or class-S modulator [1] , [2] . This PA is based on the observation that the large fraction of operation occurs at a sufficient back-off from the saturated output power level. Accordingly, it is more effective to enhance the efficiency at these backed-off regions than saturation region to increase the overall average efficiency. This efficiency enhancement often comes with the degraded linearity performance since the device experiences forced saturation at all output power levels due to the lowered available supply voltage. Under this circumstance, the Volterra series analysis, which is applicable only in weakly nonlinear system [3] , is imperfect in an aspect of the accuracy. Therefore, an accurate large-signal model, which is genetically more suitable for compression analysis, is increasingly needed for the design of next-generation PA.
For a successful circuit design exploiting the full potentials of the device with minimum design-to-production cycles, a largesignal model generated from the measured characteristics of the device under the various conditions is in critical demand. Due to their excellent performances, HBTs are expected to remain as a viable choice for PA among the various active device technologies. Despite the superior RF performances, the current gain of HBT exhibits a severe dependency over the junction temperature, which is inherent for the power devices operating under the high current density [4] . The increase of junction temperature can be from either the power dissipation caused by the external biases or the elevated ambient temperature. The resultant current gain drop caused by the former is known as a self-heating effect. The latter, which accounts for the environmental effect, is also important in that the PA circuit employing HBTs should work successfully over the specified ambient temperature range to meet the commercial specifications. It is strongly recommended that these two effects should be predictable by the large-signal model for a reliable circuit design. The parameter extraction procedure which accounts for self-heating effect of the medium-size device with groundsignal-ground (GSG) probable patterns is described in [5] . The model is described by a conventional Gummel-Poon (GP) component, a thermal subcircuit, and feedback elements [6] , [7] . Despite its simplicity, this modified topology incorporates self-heating effect in an efficient way [8] , [9] . In this paper, the large-signal modeling of the output device in the two-stage PA circuit for a full electrothermal simulation is described. The model is extended to include the ambient temperature effect by a simple relationship between the device current and the temperature dependence of the built-in potential. This extension is possible since the self-heating and ambient temperature effects are not distinguishable in contributing to determine the actual junction temperature of the device from a macroscopic point of view once their relative weightings are properly accounted for. The extraction procedure greatly simplifies by this approach and the required parameters can be easily achieved from measurement data.
Recently, the vertical bipolar inter-company (VBIC) model was introduced by a group of representatives from various industries [10] . This model was suggested to address missing features in the standard GP model, such as parasitic substrate transistor, quasi-saturation, and avalanche breakdown effects in modern bipolar transistors. Cao et al. compared two models under dc operations to emphasize the advanced features of VBIC model [11] . However, in GaAs-based high power HBTs, maximum operating current density is limited by its thermal properties hence the device operating region is well confined within the range where the high current effects, such as quasi-saturation and high-level injection effects, are not significant. Furthermore, there is no parasitic substrate transistor in GaAs HBTs. Therefore, VBIC model is usually simplified until it becomes similar to the standard GP model. This is one of the reasons why the GP model is still in active use for GaAs-based HBTs although VBIC model is widely available in many commercial simulators. As an example of the above argument, the applicability of VBIC model for InGaP/GaAs HBTs modeling was examined in [12] .
The device was wire-bonded to the test jig for dc current-voltage ( -), small-signal S-parameter, and power sweep measurements. It is very important to obtain these measurement data consistently under a single environment since the parasitic elements associated with the measurement setup may significantly alter an intrinsic operation especially for high current devices. The detailed parameter extraction procedure is described in Section II. The relationship between the built-in potential and the device current is found out experimentally. The polynomial fitting is used for the installation of the measured relationship into the model. The proposed method is verified by comparison between the measured and simulated forward Gummel plots from high to low current levels at various temperatures. In Section III, the extracted values of the parameters as well as extensive comparison data for the verification of the model are shown. The model is implemented in agilent ADS simulator. It is found that the model can restore the measurement data very accurately as a function of input and output bias conditions and temperature. The nonlinear characteristics of the device are also compared with two-tone measurement data at 1.95 GHz. The gain expansion and intermodulation distortion (IMD) nulling commonly observed with class AB bias condition are predicted very well by the model. Finally, the output response of the device when driven by code division multiple access (CDMA) signal is characterized as a function of bias current to further demonstrate the accuracy of the model.
II. PARAMETER EXTRACTION PROCEDURE
The device used in this study is a multifinger InGaP/GaAs HBT with a total emitter area of 5400 m . It has a thick collector metal for uniform heat distribution among the fingers to increase thermal stability. Ballasting resistors are employed in the base and emitter of each unit cell to avoid thermally induced failures [13] . The device has an output prematching capacitance and a set of series-connected diodes in each pad for ESD protection. The diodes are normally turned off under a forward-active bias condition. Accordingly, they are modeled as static capacitances that add to total parasitic capacitances. The bonding wire effects are simply transformed to series inductances. These effects are all lumped into the equivalent circuit diagram in Fig. 1 .
The temperature effects are described by two feedback elements, namely, and , which are used to model the change of the built-in potential and the current gain, respectively. For an easy implementation in ADS, the internal diode of GP model, which is in charge of transport current from base to emitter, and intrinsic base-collector capacitance as well as base resistance are disabled. Instead, their functional counterparts are placed in proper positions outside GP model to comply with the original GP model.
For dc characterization, -data were measured at five ambient temperatures : 26, 2, 27, 54, and 80 C. These include forward and reverse Gummel plots and -s under constant base current as well as base voltage. As a first step of parameter extraction, the thermal resistance is extracted from data under constant condition [14] , as shown in Fig. 2 . The value increases with and is fitted to the second-order polynomial
The model parameters for dc characteristics such as ideality factor and saturation current are extracted from forward and reverse Gummel data measured at room temperature. The parasitic resistances are extracted from open collector measurements under dc [15] and ac [16] conditions. The temperature dependence of the built-in potential is extracted from curve initially. It is well known that the saturation current and ideality factor changes with . This change is fitted to an exponential function in the existing models [17] , [18] . Hoever, if we assume that the saturation current and ideality factor remain fixed at their room temperature values, their associated temperature dependence can be attributed to the shift in the built-in potential re- quired to turn on some predetermined current level. This observation supports that is sufficient to model both self-heating and ambient temperature effects by itself.
The rate of change with can be extracted from multitemperature forward Gummel plots at the various emitter currents. There are two distinctive regions for the extracted as shown in Fig. 3 . Over the low-current region below several milliampheres, the value is linearly related to the logarithmic of . This is inherited from the exponential law of the junction device by which is governed. On the other hand, saturates to 1.24 mV C beyond several milliampheres. At this high-current region, it is often convenient to use a constant value for since self-heating and extrinsic resistance effects complicate the exact extraction of . The extracted is fitted to the fifth-order polynomial and implemented through in the schematic diagram
When is determined from the above equation for a low , the multiplication with the difference between the ambient temperature and room temperature will produce the required shift in the built-in potential. In this case, the device temperature is almost equal to the ambient temperature due to negligible power dissipation. On the other hand, is constant at 1.24 mV C for high-current region, and the device temperature increase is from self-heating. The multiplication at this time will produce the decrease in the built-in potential due to mainly self-heating.
The measured and simulated Gummel plots are shown in Fig. 4 at , 2, 27, 54, and 80 C. The correlation is impressive from the high-current level down to leakage current level. It is found that the self-heating and ambient temperature effects can be explained by one equation. Moreover, the remaining dc parameters are fixed constant during simulation, which means the extraction needs to be done only once at room temperature.
For S-parameter measurements, ICMs TRL1004A calibration kit was used to deembed the test structure from 0.5 to 5.5 GHz. The capacitance-voltage ( ) characteristics of both junctions are extracted for V and V. The base-collector junction exhibited a full depletion for V, which is a desirable property for minimum phase distortion under large-signal operation.
Finally, S-parameter optimization is performed at 16 different bias points simultaneously until the best fit is obtained. Before the optimization, the previously extracted parameters for the terminal currents are fixed. This avoids iterations between dc and small-signal parameters in the extraction flowchart. 
III. SIMULATION VERSUS MEASUREMENT
The extracted parameters for 5400 m device are listed in Table I . The parameters for Early and Webster effects are fixed at their default values since the device did not show such effects within the bias range of measurement. To verify how the model works for the temperature effect, the comparisons between the simulated and measured -characteristics are displayed in Figs. 5-7 for constant and conditions, respectively. The fitting is excellent from to 80 C for both conditions. For constant current input, the steady decreases of both and with the junction temperature are well predicted by the model. The correlation in under constant operation, which has been ignored by some temperature-dependent models, is also good. However, in this case, the device presents the rapid increase of collector current. The simulation result at 80 C indicates that this increase will be eventually flattened by the ballasting action when the power dissipation exceeds about 5 W. The measurement data in this region were very hard to achieve since the device was very subject to permanent destruction due to excessive heat.
The model was also verified by comparisons with power sweep measurements under the two-tone condition. The device was measured with Focus passive tuners at 1.95 GHz with a frequency spacing of 100 kHz. It was biased at V and mA. The source reflection coefficient at the fundamental frequency was , the second harmonic frequency , and the third harmonic frequency , respectively. The load was tuned to at the fundamental frequency. At the second harmonic was and at the third harmonic was . For baseband frequency region covering the beat frequency, the measurement setup presented very low impedance to the device due to the bias path. All these harmonic conditions are reflected in the simulator. is very interesting to see that the input drive level for the sweet spot is at the vicinity of the point where the gain maximizes. Since the device is biased for class-AB operation, it experiences an appreciable amount of gain expansion with the increase of . This phenomenon is known to improve the linearity performance of the device [19] . As a result, TOI improves with until it peaks at the maximum gain point and then decreases with the further increase of , which leads to a heavy saturation. In order to verify the applicability of the model again, the device was tuned to a different load condition ( , , and ). The comparisons are given in Fig. 8(b) . The device showed a slightly higher gain and TOI at low region. It showed a sweet spot again around dBm. This point also corresponds to the maximum point of gain expansion. The shift of the sweet spot means that the nonlinear behavior of HBT is heavily dependent on the load condition. The model tracks the measured behavior for different load conditions very well.
It is very important that the model should predict the nonlinear behavior of the device for different classes of operation to be a universal solution. To see how the model works for the increased quiescent current level, the device was biased at and 120 mA with each corresponding to "near class B" and "class AB" bias conditions, respectively. At this time, single-tone measurements under the same termination condition at 1.95 GHz were performed. Fig. 9 shows the comparisons of gain and between measurement and simulation for both bias current levels. When the bias current is increased from 40 to 120 mA, measurement shows the increasing nature of gain and output power. The amount of gain expansion is now decreased to display a relatively flat response up to compression point. The model is very effective in predicting these bias dependencies.
The device was measured with IS-95A CDMA signal for the same load condition at three bias current levels. Adjacent channel leakage power ration (ACPR) was recorded with varying output power level at an offset frequency of 1.25 MHz from a center frequency of 1.95 GHz. Fig. 10 shows the measured and simulated ACPR for an equal to 40, 120, and 240 mA. The measurement at mA showed a weak dip around dBm. It can be seen that the simulation predicts the existence of the dip and also the location of the dip very accurately. The dip is not as noticeable as two-tone case in Fig. 8(b) . This is because the stochastic nature of the CDMA signal, the peak factor of which may range from 6 dB to over 14 dB, dilutes the possibility of the internal cancellation effect between nonlinear elements of the device. However, it is concluded that a dip in ACPR can be roughly inferred from behavior. When is equal to 120 mA, the dip is no more apparent over the measurement range. Instead, there is a steady increase over the whole region. Although ACPR substantially improves at low output power region compared to the 40 mA case, it essentially remains the same beyond dBm up to the compression point. The improvement at low-power region can be attributed to the increment of the bias current. At this region, nonlinearity plays a dominant role in distortion behavior of HBTs. As the current is increased, nonlinearity is decreased. With the device being biased at V, Cbc is fully depleted and presents nearly a constant value for a narrow signal swing. Only after a sufficient signal swing occurs at the output, Cbc nonlinearity starts to dominate the distortion behavior of the device. Since Cbc nonlinearity is not strongly dependent on the device current, ACPR at high-power region, which is domi- nated by Cbc nonlinearity, remains nearly the same for different bias current levels [20] , [21] . In this particular situation, of 22 dBm signifies the starting point for Cbc dominance. The simulation predicts ACPR very well at high-power region, but the deviation starts to increase for low-power region. The possible explanation is that the accuracy of very low ACPR measurement is limited by the dynamic range of the equipment.
When is increased to 240 mA, ACPR further improves at low-power region. However, it is similar to the prior cases at high-power region beyond dBm. This result also validates the aforementioned investigation about the nonlinear behavior of HBT. It is concluded that the model is very effective in predicting nonlinear behavior of the large area device with the spectrally distributed signal.
IV. CONCLUSION
A large-signal modeling of the power HBT is presented for an accurate characterization of self-heating and ambient temperature effects. These effects have been successfully merged into one physical equation to simplify the extraction procedure. The model predicts the output power and the distortion performance at the various load and bias conditions very well, especially under modulated signal condition. The model was extracted for an device from a two-stage amplifier circuit. Consequently, it is expected to produce a ready-to-use solution for nonlinear simulation of PA circuit.
